A method for estimating structural properties of random media is described. The size, number density, and scattering strength of particles are estimated from an analysis of the radio frequency (rf) echo signal power spectrum. Simple correlation functions and the accurate scattering theory of Faran [J. J. Faran, J. Acoust. Soc. Am. 23, .405-418 ( 1951 ) ], which includes the effects of shear waves, were used separately to model backscatter from spherical particles and thereby describe the structures of the medium. These methods were tested using both glass sphere-in-agar and polystyrene sphere-in-agar scattering media. With the appropriate correlation function, it was possible to measure glass sphere diameters with an accuracy of 20%. It was not possible to accurately estimate the size of polystyrene spheres with the simple spherical and Gaussian correlation models examined because of a significant shear wave contribution. Using the Faran scattering theory for spheres, however, the accuracy for estimating diameters was improved to 10% for both glass and polystyrene scattering media. It was possible to estimate the product of the average scattering particle number density and the average scattering strength per particle, but with lower accuracy than the size estimates. The dependence of the measurement accuracy on the inclusion of shear waves, the wavelength of sound, and medium attenuation are considered, and the implications for describing the structure of biological soft tissues are discussed. 
The radio frequency (rf) echo spectrum has been used extensively in medical ultrasound research to interrogate noninvasively the structural properties of biological media.
• a One approach is to use the frequency dependence of the ff backscatter spectrum. If the medium can be modeled as a random suspension of many small particles and the characteristics of the instrumentation eliminated, the rf spectrum can effectively be used to describe the structure of that medium. In this case, structure is broadly defined to include the composition, geometrical properties and organization of the elements that interact with the sound waves.
For example, it is well known •'9 that the frequency dependence of the rf spectrum depends on the size, shape, and elastic properties of the scattering materials, while its magnitude depends on the size and number density of scatterers (number per volume) and on their scattering strength (fractional variation in acoustic impedenee between the scatterers and the surrounding medium). Accurate estimation of these structural properties for random inhomogeneous media requires that the correlation function for the medium and the elastic properties of its components be known. Although the correlation functions and elastic properties for most biological tissues are poorly understood, several research groups have demonstrated relationships between spectral data from liver using simple correlation function models and liver structure using optical microscopy. 3'6-8
In this paper, a method for estimating the average particle size and the product of the number density and the scattering strength is described. These properties are estimated from the frequency dependence of the rf backscatter spectrum, which has been normalized to eliminate the frequency characteristics of the instrumentation. Using the established framework of single-body scattering theory,"'9 the connection between the normalized backscatter spectrum and the correlation function for the medium is made in terms of an acoustic form factor. The acoustic form factor, defined in Sec. I B, is proportional to the Fourier transform of the correlation function for the medium, and describes in frequency space the geometrical properties and organization of the scattering targets.
To exploit the simple relationships between properties of the medium and the backscatter spectrum, several assumptions are required. We assume that the coherence among particles is small compared to the incoherent scattering component; the dimensions of the scattering particles are taken to be less than or on the order of the wavelength of sound in the medium; and the attenuation within the gated sample volume must be negligible. In addition, the method currently limits pulse-echo data acquisition to the focal zone of weakly focused transducers. Preliminary results with test samples were used to validate the method, observe the importance of shear waves, and examine the feasibility of measurements in tissues.
The scattering models are described in Sec. I, the data acquisition and analysis is described in Sec. II, and the experimental results are presented and discussed in Secs. III and IV.
I. FORM FACTOR MODELS

A. A review of the scattering of plane waves from random media
If the random scattering medium is a tenuous distribution of particles, then single-scatter theory • is adequate to explain many experimental observations. In the single-scatter approximation, the incident wave is essentially unchanged as it propagates through the scattering medium, and the particles are assumed to interact with the incident pressure field only once, i.e., all double and multiple scatterings are assumed to be negligible. Single-scatter theory is well established in the literature and is used in many applications, including estimation of parameters that describe soft tissue microstructure. 2-• The following section briefly reviews this theory with regard to estimation of scattering particle sizes. The methods described here are based on the theoretical work found in two standard references in acoustic scattering. 2.0 Consider a plane wave of amplitude one incident on a scattering volume Vwith equilibrium compressibility •o and density Po-Scatterins occurs at sites in P' where there exist •,ariations in compressibility and density. The term particle will be used to indicate a scattering site even though the variations may not be discrete but continuously varying. At an observation point r, which is far from V (Fig. 1 ) , the scattered field for each particle behaves as a spherical wave, and is given by p,(r) = (eikR/R)4P(K), R> (4a2/A),
where a is a dimension of the particle, for example its radius, R = Irl, A is the wavelength of the plane wave in the medi- 
wherep(r') is the total pressure, the sum of the incident and scattered pressures at the observation point r', Visa volume containing the scattering particle, and The quantities t• and p arc the compressibility and density at position r, and % and Po are the average values for the surrounding medium. The source term (parentheses) arises from a scattering source, a region of space within the surrounding medium that redirects rather than generates acoustic energy. The first term describes the interaction between the pressure field and fluctuations in compressibility; the second terms describes the interaction between the pressure field and fluctuations in density. Also, to first order there is a monopolc contribution from y• and a dipole contribution from yp. These contributions arc a consequence of .the scattering particle with nonzero yf moving back and forth with respect to the surrounding medium, as opposed to the simple direct scatter with no relative motion for particles with ya = 0 and y• nonzero. If the particle is weakly scattering (the Born approximation), then wc substitute the incident plane wave for the total pressure in Eq. (2) and obtain
where y(r') = yK (r') + yp (r')cos 19. Equation (3) states that in the Born approximation and for incident plane waves, the compressibility and density contributions to the scattered pressure are identical, except for their relative weights y• and yo cos 0.
The :scattered field from a randomly positioned ensemble of particles is the sum of the individual pressure fields From the resulting cross sections, a method is described that enables estimation of the average particle size, number density, and scattering strength. •ra• --16v a wherejo is a spherical Bessel function of the first kind, zero order. The spherical shell model arises from questionable physical properties and, as we show in the next section, is in poor agreement with the classic solution for scattering from rigid, immovable spheres--the case for which it was developed. However, it closely agrees with theoretical predictions and experimental scattering data from test materials containing glass microspheres in agar, as shown in the following section, and is therefore of interest in this study. In the small-scatterer o.r long-wavelength limit, i.e., ka-,O, the Bessel functions j•(2ka)-•2ka/3 and jo(2ka) -, 1, so that Eqs. (13) and (14) 
Equations (18) (22) Equation (22) is also plotted in Fig. 2(a) .
C. Comparisons with scattering theory
The three correlation models outlined above are simple Comparing the curves in Fig. 2 (a) , we observed that the fat sphere data, labeled F 6, are most similar to the fluid sphere model F, as expected, and the fluid sphere Ft and Gaussian F3 models are nearly identical for ka < 1. This suggests that either Ft or F• may be used to interpret scattering from some biological media, assuming the fat particles are more or less spherical and are the dominant scatterer. Close agreement between the glass sphere results/74 and the spherical shell model F 2 was surprising considering how poorly F 2 resembles the rigid-immovable sphere model F, [Fig.  2(b) ]. It seems that the close agreement is coincidental, due more to the elastic properties of glass and agar than to the physics of the model. Nevertheless, its simplified form makes it useful for studying glass sphere in agar test media (See. III). As shown in Fig. 2(b) , the glags sphere data F4 varied significantly from the rigid, immovable sphere data F,, and the polystyrene sphere data F5 did not resemble any of the models. These differences are mainly due to the presence of shear waves.
Accounting for the effects of shear wave motion inside the scatterer is important to accurately describe structural properties of solid-particle scattering media using backscatter spectra. When shear waves are not generated or excluded from the scattering equations, the measured form factor for a scatterer is expected to fall between the two ex-tremes F, and F1, depending on the degree to which the pressure field penetrates the target, as shown in Fig. 2(c) .
The agreement between Fr and F7 in Fig. 2(c) suggests that   glass (tc• 2.7 X I0-is m2/N) may be considered fairly rigid as compared to the surrounding agar (tc-42 X I0-•t m2/ N). Figure 2(b) , however, shows that the presence of shear waves in glass significantly changes the frequency dependence of scattering. The results for glass, polystyrene, and fat in Fig. 2(b) were calculated using Faran's equations which include the effects of shear waves, and the results in Fig. 2 (c) were calculated using Morse and Ingard's equations which do not include shear waves. The frequency dependence of scattering from polystyrene is dominated by resonances, which, for ka < I, decreases the slope of the form factor. [Compare F• in Fig. 2(b) with F 8 in Fig. 2(c) .] Since the form factor for large particles decreased with frequency faster than for small particles, using the simple models F•, F2, and F 3 when shear waves are present tends to systematically result in an overestimation of particle sizes.
The polystyrene results raise many questions regarding the possibility of sizing tissue scatterers. Although scattering from fatty structures can occur in soft tissues, the collagenous tissue stroma is considered to be the dominant source of scattering in most tissues.
•6 Parameters for coIIagen reported in the literature are similar to those for polystyrene given above, so that shear waves are likely to be a factor. We investigated the possibilities of scattering from coIlagen by computing a theoretical form factor for a collagen sphere suspended in the nonfat medium described above 
II. FORM FACTOR MEASUREMENTS
A. The echo signal spectrum
The ideal conditions for estimating form factors include monochromatic plane waves incident on an isolated volume containing scatterers. In practice, a broadband pulse from a focused transducer is used to probe an extended medium, for example, the body. Consequently, an expression more general than Eq. ( 1 ) is needed to describe scattering under practical conditions. An expression for the scattered pressure at frequency co due to the incident pressure P,o,' is given by 9
p•,• (r,t) = fv[k (r')Poi (r',t) G,o (r,r') + l/p(r')V'po, i(r',t).V'G•(r,r') ]d3r ',
where the Green's function is Go (r,r') = exp(ik Ir -r'l )/ (4rr I r -r'l) and lr -r'[is the distance from the observation point to points in the scattering medium V. In writing Eq.
(23) and substituting Po• for Po, we have assumed that the scattered pressure is small compared to the incident pres-
sure, i.e., the Born approximation, ø and that the incident pressure is of the time harmonic form exp( --icot). Equation (23) reduces to Eqs. (1) and (3) for incident plane waves and farfield observation.
We wish to apply Eq. (23) to the analysis of backscattering from a single-element focused transducer operated in pulse-echo mode. In this situation, the incident pressure at frequency co is given by the expression '•'•9 P •i (r,t) = ipocokA (r,k) U ( co ) e -i,o,, 
The echo signal s•, (t) recorded in an experiment is given by multiplying Eq. (26) by the acoustoelectric transfer function T(co) and a temporal gating functiong(t), and integrating over all frequencies. The result is s•(t) -----g(t T(co)f•,(t)dco
X 2(r',k)g(r')y(r')d3r'. (Fig. 3) , ao is the transducer radius, and`4o is its area.
With the assumption of local plane waves, the directivity function may be specified entirely in the (x,y) plane, i.e.,
H(O) • H(x,y), and the gating function may be approximated by a range gate, i.e., g(r) --g(z) (Ref. 2). Also, if the beam width is narrow compared to the transducer-scattering volume distance, then r is approximately R • + %, where R,
is the on-axis distance from the transducer to the onset of the gate and re is the distance from the onset of the gate, on axis, to points in V (Fig. 3) The strategy for estimating particle sizes involves standard least-squares methods. First, a scattering model is chosen, e.g., Eqs. (18), (19), or (22) . Next, a set of model form factors is calculated and stored in a look-up table (LUT). The set contains the functions F(2k) at a range of particle sizes for which the chosen model is valid; there is one function F for each particle size a. Finally, the data, i.e., third factor in Eq. (42), are "compared" with each model F(2k) in the set (Fig. 4) 
III. TESTS OF THE METHOD
A. The experiment
The methods for estimating the average particle size and the average net scattering strength •o were tested using well-defined test materials. Each material contained either glass or polystyrene microspheres. In both cases the microspheres were randomly positioned in agar, and the distribution of diameters found in any one sample was strongly peaked about the mean so that a single particle size could be assumed. Microsphere diameter distributions were measured by the manufacturer using an optical microscope with an eyepiece reticle calibrated with an NBS certified stage micrometer.
•4 Sample materials were formed into a cylindrical shape 2.5 cm thick and 7.5 cm in diameter. Physical properties of the component materials are given in Sec. I C. Table I (Table I ) scanned using a 5-MHz broadband transducer (Table II) realized power spectrum W(k) was determined using Eq. Table III. Values reported in column A of Table III were determined by liltting F2 functions, the spherical shell form factor model, to the data. Here, F2 was chosen because it closely agreed with the form factor for glass microspheres computed using the theory of Faran [ Fig. 2 (a) ]. Overall, the estimated and nominal sphere diameters agree to within 20%. The scattering strength estimates were highly variable, but, in general, were correlated with the nominal values. Values reported in column B of Table III were need to use a more detailed model is to estimate particle sizes in the transition region where 0.5 < ka < 1.2. In the 1.0-to 10.0-MHz range of frequencies used in medical ultrasound, this corresponds to particle sizes between 20 and 500/•m. If shear waves are generated in the scattering particles, as was the case for the polystyrene microsphere sample, then a more detailed scattering model is needed to accurately describe the scattering structure. When the Faran theory was used in our analysis (column B, Table III), the accuracy of particle size estimates increased for the glass samples, and it was possible to obtain size estimates for the polystyrene sample, which has a significant shear wave component. The lack of agreement between the model and the data observed in Fig. 5 at high frequencies is likely due to small uncertainties in the elastic properties of polystyrene used to generate the model function, e.g., density, sound speed, and Poisson's ratio. In general, the elastic properties for a material depend on the size and shape of the material: we used bulk properties, as Describing the scattering structure of biological tissues will be more difficult than it was for the agar samples. What is known about many tissues is that the scattering is domi- (18), (19), and  (22) , may be useful in probing tissues for relatioe changes in the collageneous tissue stroma that charaterize many pathological processes. In images formed using these measures, it is the relative, rather than the absolute changes in tissue properties. that provides the contrast needed for detectability. Methods that are highly sensitive to small changes in tissue structures can provide an important diagnostic tool for tissue characterization.
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